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In this letter, we study the optical properties of GaN 1Àx Sb x thin films. Films with an Sb fraction up to 42% were synthesized by alternating GaN-GaSb layers at a constant temperature of 325 C. The measured optical absorption data of the films are interpreted using a modified band anticrossing model that is applicable to highly mismatched alloys such as GaN 1Àx Sb x in the entire composition range. The presented model allows us to more accurately determine the band gap as well as the band edges over the entire composition range thereby providing means for determining the composition for, e.g., efficient spontaneous photoelectrochemical cell applications. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4932592] Recent progress in non-equilibrium epitaxial growth techniques enabled synthesis of semiconductor materials with unique electrical and optical properties. Thus, with a proper control of the growth temperature and fluxes it has become possible to synthesize highly mismatched alloys (HMAs) in the whole composition range. 1, 2 This has greatly expanded the range of possible semiconductor materials whose electronic band structure can be tailored for specific applications. 3, 4 It has been shown that dilute group III-V nitrides 5, 6 and dilute group II-VI oxides 7 have the energy band structure suitable for intermediate band solar cells. The large redshift measured for dilute GaN x Sb 1Àx and GaN x As 1Àx , in turn, makes these alloys interesting for midand long-wavelength infrared applications. [8] [9] [10] [11] [12] [13] Recently, GaN-based HMAs have been proposed as good candidates for photoelectrochemical (PEC) cells for solar water dissociation. There are two key requirements in terms of the electronic band structure for the semiconductor materials to be suitable for solar water splitting applications. First, the band gap has to be small enough to absorb a significant portion of the solar spectrum, and second, the band edges have to straddle the redox potentials with the conduction band edge (CBE) located above the hydrogen reduction and the valence band edge (VBE) below the water oxidation potential.
14 These conditions are difficult to satisfy and a significant effort was extended into finding suitable semiconductors. Besides a high mechanical hardness and a chemical stability, the fact that the band gap and the band offsets of GaN-based alloys can be tuned by replacing the N anion with other group V elements, e.g., with As, Bi, and Sb 12, [15] [16] [17] makes these alloyed interesting for PEC applications. Such HMAs are however difficult to synthesize because of the limited solubility under equilibrium conditions. The miscibility gap has recently been overcome using low temperature molecular beam epitaxy (LT-MBE) growth, allowing synthesis of GaN 1Àx As x over the whole composition range 1, 18 and of GaN 1Àx Sb x with Sb fractions up to 66%. 2, 19 Although amorphous in the composition range 0.10 < x < 0.8, the GaN 1Àx As x films exhibited well-defined absorption edges in the energy range of 3.4 eV for GaN to $0.85 eV for x ¼ 0.8.
Even larger band gap reductions were measured for the GaN 1Àx Sb x films. In films grown under Ga-rich conditions, the optical properties were dominated by defect states and the absorption edge was not very sensitive to the Sb concentration. 20 However, for films grown under N-rich conditions, the sole factor determining the width of the band gap was shown to be the Sb concentration. 15, 21 The Sb incorporation could be enhanced by using extremely low growth temperatures ($80 C) and by increasing the Sb BEP (beam equivalent pressure). Similar to the GaN 1Àx As x films, sharp optical absorption edges shifting towards energies of $0.6 eV at x ¼ 0.66 were measured for the GaN 1Àx Sb x films exhibiting an amorphous structure for x > 0.06. The measured results indicate a short-range order for the amorphous films resembling random crystalline HMAs.
All the potential applications of the HMAs require a good understanding of the electronic band structure and knowledge of the location of the band edges on the absolute scale, i.e., relative to the vacuum level. Previously, the composition dependencies of the valence and conduction band edges were calculated by compositional weighting of the band anticrossing (BAC) model derived for dilute alloys at the end compounds. This approximation is not suitable for the HMAs with localized levels located in the band gap of the host semiconductor matrix and, as has been shown in Ref. 2 , it significantly overestimates the band gap reduction in the mid composition range. To date, the BAC model is however the only model striving to explain the band gap variation over the whole composition range for the HMAs such as GaNSb. Although some first principle calculations exist on dilute GaN 1Àx Sb x , 22,23 the calculated band gaps are clearly smaller than the experimentally observed ones. 2 In this letter, we present a comprehensive study of the optical properties of GaN 1Àx Sb x HMAs grown by intermixing of GaN-GaSb multilayer structures. The measured optical absorption results are interpreted using a modified BAC model that is applicable to the HMAs in the entire composition range. The band gap as well as the band offsets of the HMAs can be more precisely determined using this model. The study allows determination of the alloy composition range suitable for PEC applications.
The GaN 1Àx Sb x films were synthesized by growing a multilayer structure with a number of alternating layers of GaN and GaSb using MBE on a sapphire substrate at a constant temperature of 325 C. The average composition was controlled by the GaN to GaSb layer thickness ratio. An intermixing of the layers produced alloys with thicknesses of 150-300 nm and Sb compositions up to x ¼ 0.42. The composition and the thickness of the films were determined using Rutherford Backscattering Spectrometry (RBS). The RBS data show compositional uniformity along the growth direction for all samples. Transmission electron microscopy (TEM) images show crystalline films and no phase separation for samples with less than 18% Sb. A weak periodic structure consisting of very small polycrystalline-amorphous grains could be seen in the TEM images of the sample with 18% Sb. The only sample showing Sb segregation is the thin film with 42% Sb. This sample is a mix of polycrystalline and amorphous GaNSb. However, this thin film shows no evidence of a periodic structure. The films were found to be highly resistive with the exception of samples with higher Sb content that show weak p-type conductivity. More details of the crystal growth and structural characterization will be presented elsewhere. 24 The optical properties of the films were studied by optical transmission and reflection in the spectral range of 250-2500 nm using a Perkin Elmer Lambda 950 Spectrophotometer. Figure 1 illustrates the measured absorption spectra for five of the eight GaN 1Àx Sb x thin films with compositions ranging from x ¼ 0 to 0.42. As can be seen from the figure, the absorption spectra of the pure GaN film lack a sharp onset. Instead, a weak absorption tail beginning at roughly 1 eV is seen for this sample. Since the thin films are grown under slightly Ga-rich conditions, we associate the absorption tail with similar type of defects as seen in the absorption spectra for the GaN 1Àx Sb x films grown by LT-MBE under Ga-rich conditions in Ref. 20 . However, in contrast to the earlier studied Ga-rich samples, as the Sb fraction is increased the absorption coefficient increases and the sub-band gap absorption edge shifts to lower energies and becomes more dominant at higher Sb contents. This type of behavior was also seen for the LT-MBE GaN 1Àx Sb x thin films grown under N-rich conditions in Ref. 2 . Despite the very different growth methods, the measured absorption spectra of the N-rich LT-MBE grown films agree very well with those of the thin films studied in this work. This gives evidence that the growth method of multilayer intermixing presented in this letter can be used for reliably growing GaN 1Àx Sb x thin films with high Sb contents.
In order to explain the measured results, we have to account for the variation of the band gap in the whole composition range. The BAC model describes well the composition dependence of the band energies in the dilute composition limits, i.e., a small N content in GaSb (conduction band anticrossing) and a small Sb content in GaN (valence band anticrossing). The band edge energies for these dilute ternary compounds are given by [25] [26] [27] 
where x denotes the Sb concentration, and E Sb and E N are the energy levels of Sb and N, respectively. In the dilute composition limit, it was possible to assume that the valence and conduction matrix band edges E V ðkÞ and E C ðkÞ and their respective coupling parameters C Sb and C N are not composition dependent. The simplest way to extend the BAC model was to compositionally weight the BAC results obtained in the dilute limits to the whole composition range. 28 The approach predicted overall trends but significantly overestimated the band gap reductions for alloys with mid-range compositions. The main deficiencies of the model were that it ignored the composition dependence of the coupling parameter and assumed that the BAC interactions fully determine the shifts of the conduction and the valence band edge. To correct the deficiencies, we adopt here a hybrid model assuming that the band structure of the host crystal is given by the virtual crystal approximation. This allows the BAC interactions to be treated as perturbations. In this approach, the valence and conduction matrix band edges are given by the linear interpolation between the end point compounds where E V;GaN and E V;GaSb denote the VBEs, and E C;GaN and E C;GaSb of the CBEs of GaN and GaSb, respectively. Also in the virtual crystal approximation, the potential of the anion lattice site for the GaN 1Àx Sb x alloy is given by the average potential
where V N and V Sb are the N and the Sb potentials, respectively. In this approximation, the composition dependencies of the coupling parameters for GaN 1Àx Sb x are given by C N ðxÞ ¼ xC N 0 and C Sb ðxÞ ¼ ð1 À xÞC Sb 0 . C Sb 0 and C N 0 are, respectively, the coupling constants in the dilute N and Sb composition limits. Figure 2 (a) illustrates the band structure of a GaN 0.72 Sb 0.18 alloy calculated using our modified BAC model. For all calculations presented in this letter, E Sb was at 1.2 eV above the VBE of GaN and E N at 0.45 eV above the CBE of GaSb. The values C N 0 ¼ 2.7 eV and C Sb 0 ¼ 2.5 eV where used for the constants describing the BAC couplings. 2 The latter coupling constant was obtained from fitting the measured absorption coefficients in this letter. As seen in the figure, since the p-like states of elemental Sb have a relatively large spin-orbit splitting energy of 0.75 eV 29, 30 the optical transitions from this band is considered as well. The band gap energy for the alloys is defined as the energy difference between the E V þ ðkÞ and the E C À ðkÞ band.
The optical absorption coefficient is proportional to the joint optical density of states and the dipole matrix element between initial and final states. To evaluate the absorption coefficient in the GaN 1Àx Sb x alloys using our modified BAC model, six optical transitions from three valences to two conduction sub-bands were considered. For example, as shown in Fig. 2(b) , the optical absorption coefficient associated with transitions from the higher valence band E V þ ðkÞ to the lower conduction band E C À ðkÞ is proportional to the corresponding joint density of states and can be written as
where D À C and D þ V are the broadening parameters of E V þ ðkÞ and E C À ðkÞ, respectively. The broadening effects caused by the alloy inhomogeneity are incorporated by convoluting the density of states with a Gaussian function at each value of k. In addition, we have assumed that there is no optical coupling between extended and localized states, therefore the optical absorption is proportional to the delocalized part of the wavefunction of a given sub-band. This effect is accounted for by the first two factors under the integral in Eq. (6). 26 The expression for the total absorption coefficient includes the six transitions described above, with each transition i weighted by its degeneracy factor g i as P 6 i¼1 a 0 g i g i ð hxÞ. a 0 is a scaling constant obtained by fitting the experimental absorption spectrum. In Fig. 2(b) , the calculated total absorption coefficient for the GaN 0.82 Sb 0.18 thin film along with the six different contributions is illustrated.
The total calculated absorption coefficients for five of the GaN 1Àx Sb x films using the modified BAC model are shown as the dashed lines in Fig. 1 together with the experimental data. From the calculated absorption coefficients fitted to the measured ones, we determine the coupling constant of Sb to be C Sb 0 ¼ 2:5 eV. The broadening parameters vary 0:01 À 0:5 eV. The sample with the highest Sb fraction, x ¼ 0.42, could not be fitted using the same coupling constant. The explanation for this is the segregation of Sb seen in the TEM measurements of this sample. The substitutional Sb concentration in this sample is therefore expected to be lower than the 42% measured by the RBS.
In Fig. 3 , the band gaps obtained from fitting the absorption coefficients for the GaN 1Àx Sb x thin films using our modified BAC model are shown along with the band gaps from previous studies of GaN 1Àx Sb x 2 and of dilute-N GaSb. 9 With the known BAC parameters, we can calculate the band gap energy as well as energies of the conduction and the valence band edges on the absolute scale in the whole GaN 1Àx Sb x alloy composition range. This is also illustrated in Fig. 3 along with the band gap predicted by the original BAC model in Ref. 2. The inset in Fig. 3 illustrates the positions of the CBE and the VBE predicted by the two models. As can be seen in the figure, the modified model provides a much better fit to the experimentally determined gaps and predicts a smaller downward shift of the CBE as a function of Sb content.
Spontaneous water splitting requires that the band edges of a semiconductor material straddle the water redox potentials.
14 As is seen in Fig. 3 , the modified BAC model predicts that in the case of GaN 1Àx Sb x alloys this condition is satisfied for x up to 0.2 and with the gap as low as 1.3 eV. In contrast, the old BAC model predicted the band edges to straddle the redox potential only for x < 0.12. Therefore, the modified model considerably extends the composition range of the alloys suitable for efficient spontaneous PEC applications. 2 Band gap energies for GaSb-rich alloys with up to 1% of N were taken from Ref. 9 . The band gap energy over the whole composition range was calculated using our modified BAC model (dashed red line) and compared to the band gap calculated using the original model in Ref. 2 (dotted black line). The inset shows the VBE and CBE over the whole composition range using both our modified BAC model (solid lines) and the original BAC model (dashed line). The Redox levels for pH ¼ 2 are indicated as dotted lines in the inset.
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